We analyze the newest data from the NA61/SHINE collaboration which, in addition to previous results on pions and kaons, include mean multiplicities of p, Λ, and φ-mesons produced in inelastic proton-proton 
I. INTRODUCTION
Statistical hadron-resonance gas (HRG) models appeared to be rather successful in description of hadron multiplicities produced in high-energy nucleus-nucleus (A+A) collisions, see, e.g., Refs. [1] [2] [3] [4] [5] [6] . The HRG in the canonical ensemble (CE) formulation is also capable to describe hadron multiplicities produced in different kinds of elementary reactions -proton-proton (p+p), proton-antiproton, and electron-positron [7, 8] , see also [9] [10] [11] [12] [13] and references therein. The chemical freeze-out temperature has been found from fitting mean hadron multiplicities in all these high energy processes.
The NA61/SHINE collaboration is performing the scan of the beam energy and system size at the Super Proton Synchrotron (SPS) of the European Organization for Nuclear Research (CERN) [14] [15] [16] . The NA61/SHINE delivers more and more data on mean multiplicities which can be added to the analysis within the HRG, and influence the obtained freeze-out parameters.
In our recent paper [17] the CE formulation of the HRG model was used to analyze the hadron yield data [16] of the NA61/SHINE collaboration at the SPS energy region. The following set of hadron species measured in inelastic p+p interactions was considered:
Application of the CE formulation of the HRG model is motivated by the fact that the above multiplicities were all measured in the 4π acceptance. A good description of the data was obtained, In the present paper we add the newly measured 4π multiplicities of p, Λ, and φ in p+p interactions at the center of mass energies of √ s N N = 7. 7, 8.8, 12.3, 17.3 GeV reported in
Refs. [18] [19] [20] . Thus, new and most complete CE statistical model analysis for the full hadron yields in p+p inelastic reactions is done for the SPS energy region. We find that the strongest effect on the quality of the fit appears when the φ-meson yields are included in the fit. Therefore, we present the results of our new fits in the two different ways: "with φ", when all particles are included, and "no φ", for the same set of hadrons, but without the φ-meson yields.
We also discuss the event-by-event fluctuations of number of hadrons measured in inelastic p+p reactions and compare them with the CE results. Finally, the CE fits are compared to those obtained in the grand canonical ensemble (GCE) formulation of otherwise the same HRG model.
The paper is organized as follows. The CE formulation of HRG is considered in Sec. II. The results for the fits of hadron yields in inelastic p+p interactions are presented in Sec. III. The summary in Sec. IV closes the paper.
II. HADRON RESONANCE GAS MODEL

A. The model formulation
An overview of the HRG model can be found, e.g., in Refs. [21, 22] . We just briefly remind that in the GCE formulation of the HRG model the conserved charges, such as net baryon number B, electric charge Q, and strangeness S, are conserved on average, but can differ from one microscopic state to another. The fitting parameters in GCE HRG are the temperature T , baryon chemical potential µ B 1 , the system volume V , and the strangeness saturation parameter γ S [23] [24] [25] .
The differences between calculations within the CE and the GCE appear when the number of particles with corresponding conserved charge is smaller or of the order of unity [7, 8, [26] [27] [28] [29] . The CE treatment of p+p collisions means that the conserved charges, B = 2, Q = 2, and S = 0, should be fixed for each microscopic state of the hadron system. The fitting parameters in the CE are T , V , and γ S . We use the radius R calculated from V ≡ 4πR 3 /3 instead of volume for convenient comparison with the typical nuclear sizes.
The quantum statistics was not taken into account in [17] , but is applied in our present studies.
Introducing vector notations for the set of conserved charges Q = (B, Q, S) and auxiliary angles φ = (φ 1 , φ 2 , φ 3 ) one can present the CE partition function of the quantum HRG with three exactly conserved charges as the following [30] [31] [32] :
where z j is one-particle partition function,
g j and m j are, respectively, the degeneracy factor and mass of jth particle species,
is the corresponding conserved charges of jth hadron, n j s and n j s are the numbers of strange quarks and anti-quarks, respectively in the jth hadron. The quantity λ j is the auxiliary parameter which is set to unity in the final equations. It is used to obtain the moments of the multiplicity distribution of particles type j. The K 2 in Eq. (2) denotes the modified Bessel function. The summation j includes stable hadrons and resonances. The summation over n in Eq. (2) with (∓1) n+1 takes into account the quantum statistics: the upper and lower sign corresponds, respectively, to FermiDirac and Bose-Einstein statistics. The mean CE multiplicity N j is calculated by the derivative 1 The chemical potentials µ S and µ Q correspond to the conservation of strangeness and electric charge, respectively.
They are found from the conditions of zero average net strangeness and fixed average proton to neutron ratio in the colliding nuclei.
of ln Z over λ j . The first term n = 1 in Eq. (2) gives the Boltzmann approximation. For the obtained values of the freeze-out parameters in both A+A and p+p collisions the effects of quantum statistics appeared to be small. They are of the size of the uncertainty for the determination of HRG parameters. In the present paper the effects of Bose statistics are kept only for pions. Note also that the pion number fluctuations are more sensitive to quantum statistics [33] .
The thermal fits can be significantly affected by the excluded volume [34] [35] [36] or van der Waals [37] interactions between hadrons, as illustrated in Refs. [38, 39] for A+A collisions. These effects are not considered in the present study and our present results do not reflect the systematic uncertainties associated with hadronic interactions.
The HRG model fits are done by minimizing the χ 2 per number of degrees of freedom N dof :
where N have a negligible effect on the fit results. The σ meson (f 0 (500)) and the κ meson (K * 0 (800)) are removed from the particle list, because of the reasons explained in Refs. [41] [42] [43] [44] . A mean multiplicity N i of an ith particle specie is calculated in HRG as a sum of the primordial mean multiplicity N prim i and resonance decay contributions,
where n i R is the average number of particles of type i resulting from decay of resonance R.
Calculations are performed in the framework of our publicly-available Thermal-FIST package [45] , which contains the quantum statistical CE implementation of the statistical model.
III. CE HRG RESULTS FOR INELASTIC P+P INTERACTIONS A. Comparison with Data
The hadron yield data of the NA61/SHINE collaboration for inelastic p+p interactions [16, [18] [19] [20] are fitted within the CE HRG model. A comparison of the data with the HRG model fit is shown in Fig. 1 and in Tables I and II . The obtained T , γ S , and R parameters are presented in yet. Inclusion of the φ-meson yields to the fitted data leads to an improvement of the φ meson description, but it strongly worsens the description of other, mainly strange, particles.
As seen in Fig. 2 (a) , the chemical freeze-out temperature T in p+p interactions at different collision energies remains close to the A+A values. A dependence of the γ S and R parameters on collision energy in inelastic p+p interactions in the SPS energy region is seen in Figs. 2 (b) and (d), respectively. Note that the R parameter should be interpreted with care, because excluded volume corrections, which were neglected in the present paper, may strongly influence the total system volume [46] : the values of R would become larger, and their energy dependence could be changed.
B. Problems in the statistical model approach to p+p data
The behavior of the chemical freeze-out parameters presented in Figs. 2 (a), (b), and (c) is rather similar to the one reported in Ref. [17] . However, a more detailed analysis reveals several serious problems:
1. The φ meson issue in inelastic p+p interactions.
Quality of the CE fits becomes much worse when the data on the φ-meson multiplicity are included. This is clearly seen from Fig. 2 (d) , where the results 'with φ' and 'no φ' (i.e., when the φ data are not included in the fit) can be compared. The values of χ 2 /N dof significantly increase from χ 2 /N dof ∼ 1 for 'no φ', to χ 2 /N dof ∼ 10, when the φ-meson yields are added to the fit. The experimental values for the 4π-multiplicity of φ mesons in p+p collisions at SPS energies appear to be much smaller than the results of the CE fits. This fact was first observed in Ref. [48] for the CE model analysis of the NA49 data in p+p collisions at √ s N N = 17.3 GeV.
We have also performed the fit of the p+p data of the NA49 Collaboration. These data are available only at the E lab = 158 GeV ( √ s N N = 17.3 GeV) [49] collision energy, and they include a larger set of different hadron species. The fit results are shown in Fig. 3 , and the corresponding model parameters are presented in Table IV . Adding more multiplicity data points to the fit leads to a decrease of the error bars for fitted thermal parameters, i.e., a larger number of fitted particle species gives stronger constrains on the fit results. However, the CE HRG model fit of The problems in descriptions of the φ-meson yield within the CE HRG in high energy p+p and e + +e − collisions were also pointed out in Refs. [48, 50, 51] . Our analysis shows that the problem with φ-meson yield persists also for p+p collisions at low SPS energies. Note that a disagreement of the φ and Ω yields with the strangeness canonical ensemble has been also observed for the peripheral p+Pb collisions at 5.02 TeV at the LHC [52] .
As a possible solution of the problem with the φ-meson it was pointed out in Refs. [47, 48] that the CE might not be adequate, because the total energy of the statistical system created in p+p collisions at the SPS energies is rather low. Thus, the exact energy conservation may play an important role, and one should use the micro canonical ensemble (MCE) [47, 48] .
In Fig. 4 we present the average energy of statistical systems calculated at different collision energies with the CE parameters presented in Table III . The total energy of statistical system is indeed rather small, 5 − 8 GeV, and approximately equals to a half of the total available energy √ s N N (the rest of the energy can be attributed to the particle motion along the collision axis).
However, the MCE calculations at the total energy of several GeV show an opposite behavior:
The results of Ref. [53] demonstrate the MCE enhancement of heavy (m T ) neutral particles Table III. above the threshold, i.e., at E > m, in a comparison with the GCE and CE results at the same volume V and energy E = E mce . This intuitively unexpected behavior comes from the fact that at fixed energy E and conserved charges B, Q, and S the MCE suppresses more and more micro states with decreasing of E. These micro states are however permitted in the GCE due to the charge and energy fluctuations. To have the same energy density, the MCE should compensate these forbidden states and it produces more permitted (m < E) heavy (m T ) neutral states.
Therefore, the MCE effects would make the observed problem with the φ-meson even worse for a single MCE cluster.
Problems with statistical model description of the φ meson yield might also indicate an inadequacy of the γ S parametrization, which is, after all, only an empirical procedure to treat strangeness saturation using a single γ S parameter. [55] . Thus, the p+p data do not show the expected suppression of the particle number fluctuations due to either exact charge or both charge and energy conservation. Even a presence of the GCE statistical fluctuations of both the energy and conserved charges appears to be not enough and leads to the value of ω gce [N − ] ∼ = 1.1 [55] which is still smaller than the p+p data. An inclusion of the excluded volume type interactions would also be expected to suppress the particle number fluctuations [56] . Therefore, it seems that one needs some large non-statistical fluctuations of energy E and/or volume V to explain the measured particle number fluctuations in p+p The fit of the hadron yields within the GCE assumes that both the system energy and conserved charges fluctuate from event to event. We use the GCE to fit the p+p data of NA61/SHINE.
These fits are shown in Figs. 2, and 4. Quite unexpectedly we observe that the quality of the GCE fits appears to be better than of the CE fits. This is clearly seen in Fig. 2 (d) . Most striking advantages of the GCE are observed at large SPS energies for the fit 'with φ'. Better description of experimental yields is achieved within the GCE due to smaller values of the parameter γ S .
These smaller GCE values of γ S compensate the absence of the CE suppression effects for strange and multi-strange hadrons in the GCE.
Much smaller χ 2 /N dof in the GCE in comparison with the CE means that we have no indications in favor of the existence of a single statistical system with exactly conserved charges from one event to another. We compare the fit of the NA49 data for all particle species within the CE presented in Fig. 3 and the GCE fit. The results are shown in Fig. 5 . The arrows indicate the deviation of the CE fit results. The parameters of the CE and GCE fits are presented in Table IV . We conclude that the GCE HRG fit of the total hadron yields in inelastic p+p collisions at √ s NN = 17.3 GeV has an advantage in a comparison with CE HRG fit.
Possible explanation of this unexpected observation may be found in the presence of leading baryon(s), like p, n, Λ, etc., which leads to the event-by-event fluctuations of the conserved charge of the remaining 'statistical system'. More generally, it is quite possible also that not one, but are the same as in Fig. 3 . The parameters of the CE and GCE fits are presented in Table IV .
two or more statistical clusters (fireballs) are formed in inelastic p+p interactions, with their masses and charges fluctuating from one event to another. Each of these fireballs in a given event can be described by the MCE with exact conservation of its energy and conserved charges.
These MCE clusters with fluctuating parameters can be then represented as a single statistical system. However, the statistical ensemble which corresponds to this statistical system would not correspond to the standard MCE, CE, and, GCE, and it will depend crucially on the p+p reaction dynamics. It nevertheless looks interesting that the GCE seems to be a better approximation than the CE for this statistical system with 'dynamically fluctuated' clusters.
IV. SUMMARY
The CE HRG model is used to describe the new data of the NA61/SHINE collaboration on hadron multiplicities in inelastic p+p interactions at the CERN SPS. The chemical freeze-out parameters, T , γ S , and R, in p+p collisions are found and compared to those in A+A collisions.
Rather similar values of the temperature parameter in both cases are found, in agreement with our earlier studies.
The analysis, however, reveals at least three serious problems in the description of the data within the statistical model:
1. the φ meson multiplicities in p+p inelastic reactions can not be well fitted within the CE formulation of the HRG model at the SPS energies;
2. the experimental event-by-event particle number fluctuations appear to be much larger than their values calculated within the CE and MCE of the HRG model;
3. an advantage of the GCE in comparison with the CE fits gives no indications of an existence of the single statistical system with exactly conserved charges in each event.
The MCE applied to a single fireball does not help, but makes all three problems even more severe. One possible way to preserve the statistical model approach to the hadron multiplicity data in p+p reactions is to introduce significant non-statistical fluctuations of the statistical model parameters. Two or more statistical fireballs with fluctuating energies, volumes, and the values of conserved charges should be then considered.
Presence of these non-statistical (dynamical) fluctuations can be tested experimentally, analyzing only the 'most central' p+p collision events. For the most central p+p events the non-statistical fluctuations are expected to become essentially smaller. One will be able then to study whether the CE (or even the MCE) can be adequate to describe the data for both the mean hadron multiplicities and the multiplicity fluctuations in the most central p+p collisions at the SPS energies. A corresponding centrality selection in p+p reactions can be done using the forward energy trigger similar to that used by NA61/SHINE in defining the centrality classes in A+A collisions. High statistics available for p+p collisions could make it possible to obtain the multiplicities of identified particles in different centrality bins. This can help to understand the equilibration processes in heavy ion and elementary particle collisions at the SPS energies. Table IV : The extracted CE and GCE HRG parameters from the fit to the NA49 p+p data.
